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ABSTRACT 
An isolated, gas-phase dimer of imidazole has been generated through laser vaporization of a solid 
rod containing a 1:1 mixture of imidazole and copper in the presence of an argon buffer gas 
undergoing supersonic expansion. The complex is characterized through broadband rotational 
spectroscopy and is shown to have a twisted, hydrogen-bonded geometry. Calculations at the 
CCSD(T)(F12*)/cc-pVDZ-F12 level confirm this to be the lowest energy conformer of the imidazole 
dimer. The distance between the respective centres of mass of the imidazole monomer sub-units is 
determined to be 5.2751(1) Å while the “twist” angle (describing rotation of one monomer with 
respect to the other about a line connecting the centres of mass of the respective monomers), , is 
determined to be 87.9(4). Four out of six intermolecular parameters in the model geometry are 
precisely determined from the experimental rotational constants and are consistent with results 
calculated ab initio.      
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1. Introduction 
Imidazole (C3H4N2) comprises a five-membered, aromatic ring that contains both pyrrolic and 
pyridinic nitrogen atoms. The coordinative properties of imidazole result from the donor/acceptor 
properties of its two nitrogen atoms and its amphoteric character.
[1]
 The frequencies of intermolecular 
NHN stretching modes have been measured for various species embedded within a helium 
nanodroplet including an imidazole dimer
[2]
, a trimer
[3]
 and complexes where each of these units is 
respectively attached to H2O. N-heterocyclic molecules are also a central component of natural and 
artificial photochemical systems.
[4]
 Recent research has extensively explored the photochemistry and 
fragmentation dynamics of imidazole and other N-heterocyclics.
[5]
 This work reports the broadband 
rotational spectrum of a neutral imidazole dimer generated and isolated in the gas phase. The 
spectrum is analysed to experimentally characterise the geometry of the interaction between two 
imidazole monomers independent of matrix or solvent effects for the first time. 
The (C3H4N2)2 complex is generated by vaporization of imidazole from a solid target rod by 
the focused pulse from a Nd:YAG laser (532 nm, 10 mJ pulse
-1
) in the presence of argon introduced 
from a pulsed-gas injection nozzle. The target rod is initially prepared by compressing powdered 
material using a benchtop press. Experiments that led to the first observation of rotational transitions 
of (C3H4N2)2 used a rod prepared from copper and imidazole powders (in a 1:1 molar ratio). 
Replacement of this rod with a second prepared from imidazole and activated carbon powders brings 
no measurable change in the intensities of observed transitions of (C3H4N2)2. However, transitions of 
(C3H4N2)2 are significantly weaker if the rod is prepared from imidazole only (with no included 
carbon or copper). Immediately subsequent to the laser pulse, the gas mixture undergoes supersonic 
expansion and species within the jet are rotationally and vibrationally cooled. The intensities of 
transitions assigned to (C3H4N2)2 imply a rotational temperature on the order of 2 K for this species. 
The broadband rotational spectrometer used for this work detects transitions across a 12 GHz 
bandwidth in a single measurement and has been described in detail previously.
[6]
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2. Results and Discussion 
Intense transitions observed within the spectrum (Figure 1) assign to the imidazole monomer 
previously studied by Christen et al.
[7]
 Other observed transitions can be readily assigned to CH3CN,
[8]
 
CH3CH2CN,
[9]
 CH2CHCN,
[10]
 HCCCN,
[11]
 NH2CH2CN,
[12]
 HC5N,
[13]
 HC7N,
[14]
 and CH3C3N
[15]
 which 
have all previously been studied by microwave spectroscopy. Evidently, a fraction of imidazole 
molecules undergoes fragmentation and further reactions subsequent to vaporization from the solid 
target rod. The sequence of chemical reactions that yields the various products listed above is not 
explored by this work but similar behavior has been observed by broadband rotational spectroscopy 
before.
[16]
 It can also be noted that the photochemistry and fragmentation dynamics of imidazole and 
other N-heterocyclic molecules have been explored in detail elsewhere, mode-specific product 
formation being an interesting result of UV photolysis of imidazole.
[17]
 Other transitions in the 
observed spectrum do not assign to any species for which a microwave spectrum has previously been 
reported. This work will demonstrate that these assign to a (C3H4N2)2 complex in which two 
imidazole monomer sub-units interact via an intermolecular hydrogen bond.  
Full geometry optimisation of the imidazole dimer at the CCSD(T)(F12*)/cc-pVDZ-F12 
level
[18]
 of theory is prohibitively expensive owing to the present lack of analytic gradients. To 
approximate this level of accuracy, the geometry of the monomer and dimer were first optimised at 
the MP2 level of theory to identify which geometric parameters change significantly upon 
complexation. The only parameter that changes significantly on formation of the dimer is the NH 
bond length involved in the hydrogen bond. A CCSD(T)(F12*)/cc-pVDZ-F12 geometry optimisation 
was then performed for the dimer in the space of six inter-molecular coordinates and the NH bond 
length, keeping the remaining structural parameters fixed at values optimised for the monomers. The 
results of both our ab initio calculations and those performed previously by Choi et al.
[2]
 are 
consistent with the twisted, H-bonded geometry (shown in Figure 2) being the minimum energy 
conformation for the dimer. The pyrrolic NH group of one imidazole monomer is calculated to form 
a hydrogen bond with the pyridinic nitrogen on the second. The resulting imidazole dimer is axially 
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chiral. Coordinates and optimized values of structural parameters are provided for both the isolated 
imidazole monomer and the described dimer in Supplementary Data Table 1. For the purposes of this 
work, the monomer acting as H-bond acceptor within the intermolecular bond will hereafter be 
referred to as “monomer 1” while the H-bond donor will be labelled as “monomer 2”. At the 
CC2/aug-cc-pVTZ level of theory, the (C3H4N2)2 complex is calculated to possess a dipole moment of 
9.1 D in the twisted, H-bonded geometry. The calculated rotational constants informed a search of the 
broadband spectrum, with the result shown in Figure 1. Discounting transitions for which molecular 
carriers had already been reported in previous works (as summarized above), structured patterns of 
transitions are found at intervals of ~900 MHz, broadly consistent with expectations for a dimer in the 
geometry presented in Figure 2. There is excellent agreement between the rotational constants implied 
by the interval between J′ → J″ transitions and those predicted for the twisted, hydrogen-bonded 
geometry predicted ab initio. The observation of a-type transitions in the spectrum is also consistent 
with the calculated orientation of the dipole moment which is close to parallel with the a inertial axis. 
No b- or c- type transitions were identified which is consistent with their lower calculated values and 
current sensitivity limits.  
Measurement of the spectra of isotopically-substituted species was achieved through the use 
of isotopically-enriched samples of imidazole. C3D4N2 was obtained from a commercial supplier 
(CDN Isotopes) allowing measurement of the spectrum of the (C3D4N2)2 isotopologue. C3H3N2D was 
synthesized by boiling CH3OD in the presence of C3H4N2, driving the H/D isotopic exchange 
selectively at the hydrogen atom attached to the pyrrolic nitrogen. The spectra of (C3H3N2D)2 and 
(C3H4N2)(C3H3N2D) were then recorded through measurements using samples respectively prepared 
from (i) a 1:1 mixture of copper and C3H3N2D and (ii) a 2:1:1 mixture of copper, C3H3N2D and 
C3H4N2. Two geometries are possible for the (C3H4N2)(C3H3N2D) isotopomer, distinct in respect of 
whether the single deuterium atom is substituted into the pyrrolic NH bond that forms the 
intermolecular hydrogen bond. The spectrum of only one isotopologue of (C3H4N2)(C3H3N2D) was 
observed, shifted from the spectrum of (C3H4N2)2 by only a very small amount, consistent with 
placement of the D atom very close to the centre of mass in the complex. This suggests assignment of 
the spectrum to the isotopologue wherein the D atom is positioned between the two monomers and 
ChemPhysChem 10.1002/cphc.201501179
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participates in the intermolecular bond in the twisted, H-bonded geometry. The alternative 
isotopologue of (C3H4N2)(C3H3N2D) was not apparent in the spectrum. This effect, whereby the 
relative stabilities of different isotopologues (having the same empirical formula) apparently depends 
on the position of the substituted atom(s), has been noted previously
[19]
. Spectra were measured and 
assigned for four isotopologues of the imidazole dimer in total.  
It will be shown that the spectrum of (C3H4N2)2 is consistent with an asymmetric rotor which 
is very close to the prolate symmetric rotor limit. In such cases, there is a centrifugal distortion-
induced splitting of K-1 = n doublets (in addition to the usual asymmetry splitting) which becomes 
detectable. This effect increases rapidly with increasing J and has been shown
[20,21]
 to be most 
significant for transitions having Ka = 2. During the present work, a preliminary fit of the data was 
performed using Western’s PGOPHER[22] and Watson’s S reduction[23] (Ir representation) to give A0, 
B0, C0 and the quartic centrifugal distortion constants J, JK and d1. It thus became apparent that 
many transitions having Ka =2 are split by an interval greater than can be explained by the magnitude 
of the rotational constants alone. This additional splitting scales with (J+1)
3
 as expected for an effect 
caused by centrifugal distortion and is great enough to resolve only for transitions where J′ > 12. The 
S/N of affected transitions is not great enough to quantify this effect for the (C3H3N2D)2 isotopologue. 
The splitting is fitted to 4D3(J+1)
3
 to determine mean values of D3 for each of the (C3H4N2)2, 
(C3H4N2)(C3H3N2D) and (C3D4N2)2 isotopologues. Correction factors calculated from these are 
applied to the observed frequencies of Ka=2 transitions yielding corrected transition frequencies that 
are included in each final fit of measured transitions to a model Hamiltonian (Table 1). Details of the 
calculations to determine the mean values of D3 are provided in Supplementary Data Tables 2-4.  
Values of B0, C0, DJ and DJK are determined very precisely for all isotopologues and do not 
depend significantly on the reduction applied to the Hamiltonian. Lower precision is associated with 
the evaluated A0, d1 and D3 while d2 cannot be determined. Various conformations of the imidazole 
dimer that have been calculated by Choi et al.[2] to lie at higher energy than the twisted, H-bonded 
dimer have B0  C0 between 40 and 50 MHz. This is significantly greater than the <2 MHz difference 
between B0 and C0 identified for all of the various isotopologues described herein. The isotopic shifts 
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and recorded transition frequencies are therefore consistent only with assignment to a dimer of 
imidazole in the geometry shown in Figure 2. Although the imidazole monomer contains two 14N 
nuclei, each having spin (I=1), hyperfine splittings were not observed in the spectra. All 
14
N 
quadrupole coupling constants of the imidazole monomer are of the order of 3 MHz.
[7]
 Hyperfine 
splittings decrease with increasing J and only J′ → J″ transitions having J′ > 8 are observed by the 
present experiments. Splittings introduced by nuclear quadrupole coupling with the framework 
angular momentum are evidently insufficiently large to resolve. Complete details of the spectroscopic 
fits to determine the various spectroscopic parameters are included as Supplementary Data Table 5. 
 
2.1 Molecular Geometry 
The experimentally-measured rotational constants allow quantitative determination of 
parameters in the model geometry. Data are available only for the ground vibrational state so r0 
parameters are determined. The geometry of each imidazole monomer is assumed unchanged from the 
r0 geometry of the imidazole monomer,
[7]
 except that a small correction is made to the length of the 
NH bond in the pyrrolic group that participates in the intermolecular bond. This parameter is 
calculated to extend by 0.016 Å in the re geometry and the same extension is assumed to occur within 
the r0 geometry for the complex. Six intermolecular coordinates are used to define the geometry of the 
dimer with reference to the inertial axis systems of the respective imidazole monomers. The first three 
parameters describe the relative positions of these monomers and are Rcm, the distance between the 
centres of mass (com) of the imidazole monomer sub-units;  and , respectively polar and azimuth 
angles used to locate the position of the com of monomer 2 with respect to the com of monomer 1. 
The final three intermolecular coordinates are used to define the orientation of monomer 2 with 
respect to monomer 1.  and  are angles defined between the c and b axes (respectively) of monomer 
2 and the line connecting the com of the two monomers.  is the dihedral angle between (i) the plane 
containing the c axis of monomer 1 and the line connecting the coms of the two monomers and (ii) the 
plane containing the c axis of monomer 2 and the line connecting the coms of the two monomers. 
With the aid of Figure 3, ,  and  may be respectively visualized as the tilting of monomer 2 toward 
ChemPhysChem 10.1002/cphc.201501179
 
 8 
or away from monomer 1 (), turning of monomer 2 in the plane of itself () and twisting of 
monomer 2 about the line connecting the coms of the two monomers (). With reference to the vectors 
shown in Figure 3, the various angles are explicitly defined as follows where |  | are magnitude 
vectors and bn are normalized vectors.  
 |  ||  | cos(𝛼) =   ∙          (1) 
 |  ||  | cos() =   ∙          (2) 
 |  ||  | cos(𝜃) =   ∙          (3) 
  = atan2([[𝒃 × 𝒃 ] × 𝒃 ] ∙ [𝒃 × 𝒃 ], [𝒃 × 𝒃 ] ∙ [𝒃 × 𝒃 ])   (4) 
  = atan2([[𝒃 × 𝒃 ] × 𝒃 ] ∙ [𝒃 × 𝒃 ], [𝒃 × 𝒃 ] ∙ [𝒃 × 𝒃 ])   (5)       
The available data do not allow all intermolecular parameters to be fitted
[24]
 from the twelve 
experimentally-determined rotational constants. Fixing  and  at their values (both equal to 90) 
calculated ab initio is reasonable given the evidence presented for the twisted, H-bonded geometry 
illustrated in Figure 2. The assumption that  = 90 is equivalent to assuming that the com of 
monomer 2 lies in the plane of monomer 1. Likewise, CH groups adjacent to the intermolecular 
bond on each imidazole monomer are oriented such that any movement away from  = 90 (ie tilting 
of the plane of one monomer towards or away from the plane of the other) will be strongly hindered. 
The remaining four intermolecular parameters are fitted to obtain the results shown in Table 2. The 
values of Rcm and  are very sensitive functions of the evaluated rotational constants and are precisely 
determined. The  and  angles are determined though with larger uncertainties. It is satisfying to 
note the level of agreement between experiment and theory, particularly given that minimal 
assumptions are involved in the fitting of the molecular geometry. Figure 2 overlays the geometry 
calculated ab initio with that obtained through fitting to the experimental data. Coordinates of atoms 
determined through fitting to the experimentally-measured rotational constants are provided in 
Supplementary Data Table 6.  
The NHN (intermolecular) bond angle implied by the fit of the r0 geometry to the 
experimental data is 169.3 while the ab initio calculated results imply 179.6 for the same angle. The 
length of the intermolecular H-bond implied by the fitted geometry is 1.960 Å while that calculated ab 
ChemPhysChem 10.1002/cphc.201501179
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initio is 1.947 Å. When fitting the various geometrical parameters listed in Table 2, an r0 geometry is 
initially assumed for each imidazole monomer while the ab initio calculation yields parameters in the 
re geometry. These slightly varying initial assumptions lead to the differences between the ab initio 
calculated and experimental geometries. The NHN (intermolecular) bond angle is particularly 
sensitive to these. It is thus concluded that an intermolecular hydrogen bond allows the formation of 
an imidazole dimer which can be generated for gas phase study by a method that combines laser 
ablation and supersonic expansion. This synthetic method is similar to that used previously in studies 
of biomolecules, metal halides and mixed metal species
[25]
. Noting that spectroscopic experiments are 
generally assisted by conditions that maximize the intensities of measured transitions, it is empirically 
observed as beneficial to mix imidazole with an inert matrix (copper metal was used during this work) 
when preparing the solid starting material. The length of the bond and the geometry of the interaction 
between two isolated imidazole monomers has thus been accurately determined for the first time.  
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Table 1. Spectroscopic constants determined for four isotopologues of (C3H4N2)2.  
 
Spectroscopic 
constant 
 
(C3H4N2)2 
      
 
(C3H4N2)(C3H3DN2)
a
 
 
 
(C3H3DN2)2 
 
 
(C3D4N2)2 
 
A0 / MHz 4800(25) 4710(50) 4680(53) 3970(16) 
B0 / MHz 457.53869(27)
b
 457.32707(37) 449.86071(31) 424.53190(40) 
C0 / MHz 456.03871(26) 455.84958(38) 448.01603(31) 422.81625(39) 
DJK / kHz 8.3740(54) 8.299(15) 7.828(14) 7.311(11) 
[DJ  10
2
] / 
kHz 
6.907(15) 6.773(22) 6.952(25) 5.926(18) 
d1  / Hz  2.63(22)  2.96(29) 3.39(28) 2.10(28) 
Nc 63 36 39 43 
σr.m.s. / kHz
d 6.4 7.9 6.9 8.0 
D3 / Hz 3.79(28)
e
 4.4(7) - 0.56(25) 
 
a
 See text for an unambiguous description of the geometry of this isotopologue.  
b
 Numbers in parentheses are one standard deviation in units of the last significant figure. 
c 
Number of transitions included in the fit. 
d 
rms deviation of the fit. 
e 
Values of D3 are fitted separately (see text and Supplementary Data Tables 2-4 for details). 
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Table 2. Structural parameters in the model geometry of (C3H4N2)2.  
 
 
 Exp.  CCSD(T)(F12*)/VDZ (re) 
A0 / MHz
a
 4800(25) 4864.02 
B0 / MHz 457.53869(27) 454.07 
C0 / MHz 456.03871(26) 453.91 
Parameter Exp. (r0) CCSD(T)(F12*)/VDZ (re) 
RCM / Å 5.2751(1) 5.297 
 /  [90] 90.0 
 /  106.3(50) 99.9 
 /  [90] 90.0 
 /  122.3(54) 117.4 
  /  87.9(4) 90.0 
r(HN) / Å 1.960
c
 1.947 
(NHN) /  169.3
c
 179.6 
 
a
 The comparison of computed and experimentally-determined rotational constants is for the 
(C3H4N2)2 isotopologue. Results for all other isotopologues are in similar agreement.   
b
 Numbers in parentheses are one standard deviation in units of the last significant figure. 
c
 r(HN) and (NHN) are not included in the parameter set fitted to the measured rotational 
constants. These results are deduced from the values of fitted parameters.  
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Figure 1 
 
 
 
Figure 1 
The broadband spectrum obtained when probing an expanding gas sample prepared as described in 
the text. The displayed spectrum is obtained after co-adding 60k FIDs in the time domain (data 
collected over a period of 2 hours). The experimental spectrum contains various hydrocarbons in 
addition to imidazole-containing products. The most intense signals assign to transitions of the 
imidazole monomer. The inset displays  20        
 19
   
    
  transitions in the observed spectrum of 
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the imidazole dimer above an inverted simulation (blue) that uses the model Hamiltonian and the 
parameters given in Table 1.  
 
 
Figure 2 
 
 
Figure 2 
(Top panel) A front view of the hydrogen-bonded geometry of the imidazole dimer calculated to be 
the lowest energy conformer. The geometry determined from the experimentally-measured rotational 
constants (atoms represented by smaller spheres) is overlaid with the results of the 
CCSD(T)(F12*)/cc-pVDZ-F12 calculation (larger spheres). The small differences between 
experimental and theoretical results are evident in the coordinates of atoms within the imidazole ring 
ChemPhysChem 10.1002/cphc.201501179
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acting as H-bond acceptor. (Bottom panel) A side view of the geometry shown in the top panel 
illustrating the “twist” angle ( = 87.9(4)) in the r0 geometry.     
 
 
Figure 3 
 
 
 
 
Figure 3 
Angles in the model geometry of the complex are related to the displayed vectors as described in the 
text where |  | are defined as magnitude vectors and bn are normalized vectors.  
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